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Abstract 
Development of bacteriophage T4 depends on the physiological state of its 
host cell. Based on previous studies performed under laboratory conditions with 
different media determining various growth rates of Escherichia coli, a mathematical 
model was developed which suggested that phage T4 development cannot proceed 
efficiently in bacteria growing with a doubling time longer than 160 min. Contrary to 
this prediction, using a chemostat culture system allowing for culturing E. coli at 
different growth rates without changes in the medium composition, we found that T4 
can yield progeny in host cells growing with a doubling time as long as 21 h. Our 
results indicate that the actual limiting growth rate of the host culture for development 
of phage T4 is about 0.033 h-1, corresponding to the doubling time of about 21 h. 
 
Introduction 
 Bacteriophages are the most abundant and highly dynamic group of 
organisms in the biosphere (Fuhrman, 1999). The total number of phages on Earth is 
estimated at about 1031 particles and is ten times higher than the predicted number 
of bacterial cells (Børsheim, 1993; Clokie et al., 2011; Hatfull & Hendrix, 2011). 
Worldwide phage infections are calculated to be approximately 1023 per second, 
which makes them a fundamental regulating factor of the number of microorganisms 
- the producers of about 90% of biomass (Wommack & Colwell 2000; Suttle, 2007). 
Phages are also considered as natural weapons against pathogenic bacteria (Pirnay 
et al., 2011). Their antibacterial properties are used in phage therapy – against 
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antibiotic-resistant bacteria in humans (Takemura-Uchiyama et al., 2013) and 
animals (Kropinski et al., 2012), to combat bacterial infections in fungi and plants 
(Adriaenssens et al., 2012; Sajben-Nagy et al., 2012), and in food industry as 
antibacterial components of forage (García et al., 2008). Furthermore, phages are 
used in phage display technique (Sidhu, 2000, Golec et al., 2012), and as potential 
therapeutic gene-delivery vehicles or as vehicles for the delivery of vaccines (Clarc 
et al., 2004; Tao et al., 2013). On the other hand, their antibacterial properties cause 
substantial financial losses in the biofermentation industry (Marcó et al., 2012). 
 
Phages can interact with bacteria in various ways. An explanation of these 
interactions is essential for understanding the influence of phages on the microbial 
world (Wommack & Colwell 2000; Weinbauer, 2004; Brüssow, 2013). Generally, the 
development of phages in bacteria depends on the physiological status and the 
number of bacterial cells (Hadas et al., 1997, Abedon et al., 2001, You et al., 2002). 
After infection, phages can initiate various developmental mechanisms: e.g. lytic or 
lysogenic cycle, pseudolysogeny, lysis inhibition. Lytic bacteriophage T4, on which 
we focused in this study, is able to control its development in response to different 
states of its host, Escherichia coli (Hadas et al., 1997). Under standard laboratory 
conditions (a high-density, fast-growing bacterial culture in a rich medium at 37°C 
with aeration),T4 appears to use a short latent-period (SLP) strategy which results in 
releasing of about 150 – 200 progeny particles in 25 minutes (Abedon et al., 2003). 
However, optimal laboratory conditions are far different from conditions encountered 
by T4 in its natural habitat. Optimal laboratory growth conditions may either disguise 
natural developmental mechanisms of T4, hindering their identification, or simply 
prevent the phage from initiating them as no selection is present to employ them. 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Under conditions unfavorable for bacterial growth, T4 is able to initiate complex 
mechanisms enabling its persistence in the natural environment: pseudolysogeny 
(Łoś & Węgrzyn, 2012, Cenens et al., 2013), lysis inhibition (LIN) (Dressman & 
Drake, 1999; Golec et al., 2010) or prolongation of its development when bacterial 
growth rate (refered to as µ) increases (Rabinovitch et al., 2002, Golec et al., 2013). 
 
The duration of phage T4 latent period depends on the bacterial µ (Abedon et 
al., 2001; Hadas et al., 1997; Rabinovitch et al., 1999; Rabinovitch et al., 2002; 
Golec et al., 2013). It was revealed that with decreasing µ, the rate of phage T4 
release and burst size decrease while the eclipse and latent periods increase (Hadas 
et al., 1997; Rabinovitch et al., 2002). Based on results of one-step growth 
experiments in which different media were used to control the bacterial growth rate, 
Rabinovitch et al. (2002) presented a mathematical model of development of T4 in 
slowly growing E.coli. The model suggested that T4 develops in E. coli cultures with 
doubling times of about 140 minutes, and led Rabinovitch et al. (2002) to ask if any 
bacterium can release phages when its doubling time is longer than 160 min. Results 
of our recent experiments on development of T4 in slowly growing E. coli indicated 
that T4 produces progeny particles in bacterial cultures with doubling times 
significantly longer than 160 minutes (Golec et al., 2013). This led us to ask: what is 
the actual lowest growth rate of E. coli allowing for the development of bacteriophage 
T4? In this report, we present data from experiments carried out in a chemostat 
system that enabled us to study development of T4 in slowly growing bacteria in 
detail. We show that predictions based on the mathematical model of Rabinovitch et 
al. (2002) differ from results obtained in the experimental approach. 
 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Materials and Methods 
Bacterial and phage growth conditions 
E. coli MG1655 strain (Jensen, 1993) and bacteriophage T4wt (our collection) 
were used in all experiments. Bacterial cultures for phage titration were grown 
overnight in laboratory flasks in LB medium (Sambrook et al., 1989). Bacterial 
cultures used in experiments of adsorption and development kinetics of phage T4 
were grown in phosphate-buffered (FB) minimal medium containing glucose (10 g 
l−1), with stirring at 37°C in chemostats, as described previously (Golec et al., 2013). 
The dilution rates (equal to the growth rates, μ) used were: 0.3, 0.2, 0.1, 0.05 and 
0.033 h−1, being equivalent to the generation time of: 2.5, 3.5, 7, 14 and 21 h, 
respectively. 
Titration of bacteriophage T4 
The number of bacteriophages (plaque-forming units, PFUs) were determined 
by a standard plaque technique. Briefly, double-layer LB agar plastic Petri dishes 
(diameter 90 mm) were used. LB agar (Sambrook et al., 1989) was used as a solid 
medium (1.5% agar in regular plates and 0.7% agar in “top agar”). Twenty five ml of 
LB agar and 4 ml of “top agar” with 200 µl of an overnight bacterial culture were used 
to prepare double-layer LB agar Petri dishes. Serial dilutions of samples in TM buffer 
(10 mM Tris-HCl pH 7.2, 10 mM MgSO4) were prepared. Two and half μl of serial 
dilutions were spotted onto a bacterial lawn. Plates were incubated at 37°C and 
plaques were counted after 16 hours. 
 
Efficiency of phage adsorption 
One ml of the bacterial culture from the stabilized chemostat culture was 
transferred to a 1.5 ml Eppendorf tube. Bacteriophages were added to E. coli cells to 
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multiplicity of infection (m.o.i.) of 0.1 and the mixture was incubated at 37°C. 
Samples of 100 μl volume were withdrawn at the indicated times, centrifuged at 4500 
x g for 1 min at room temperature (RT) in a microcentrifuge, and the supernatant 
was titrated. Initial number of phages (100% of the used phages) was calculated by 
adding appropriate volume of the T4 lysate to a medium without bacteria, followed by 
titration. The number of adsorbed phages was determined as a decrease in PFUs in 
supernatant relative to the initial number of phages. 
Kinetics of phage development in the chemostat 
Five ml of the bacterial culture from the stabilized chemostat culture were 
infected with T4wt phage at the m.o.i. of 5. After 1 min of incubation at 37°C, free 
phage particles were removed by a washing procedure, repeated three times 
(centrifugation at 4500 x g for 1 min at room temperature (RT), resuspension in FB 
medium pre-warmed to 37°C). Then, the infected bacteria were added to the 
chemostat culture. PFUs (300 µl of samples treated with 300 µl of chloroform) were 
estimated 10, 15 and 20 min following the infection and then every 10 min for 300 
min. The samples for estimation of the number of infection centers (ICs) (samples 
untreated with chloroform) were collected 10, 15 and 20 min after the infection. The 
real number of ICs was calculated by subtracting the number of plaques that were 
formed by free phages from the total number of plaques of all phages (i.e. phages 
present inside and outside of the bacterial cells). 
 
Results 
Kinetics of phage T4 adsorption on slowly growing bacteria 
Adsorption is the first step in a life cycle of bacteriophages and was previously 
shown to depend on a number of environmental factors, such as ion concentrations, 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
organic cofactors’ concentration, pH value and temperature (Storms et al., 2010). In 
this study we analyzed kinetics of adsorption of phage T4 to slowly growing E. coli 
(Fig. 1). We used E. coli cultured in a chemostat system where the growth rate of 
bacteria was the only variable factor. We found no significant differences in the 
efficiency of phage adsorption on cells growing at µ ranging from 0.3 to 0.033. 
Therefore, we conclude that the host growth rate has no considerable influence on 
T4 adsorption in chemostat cultures. 
 
Kinetics of development of phage T4 in slowly growing bacteria 
Chemostat cultures of E. coli were used to examine the differences in kinetics 
of development of phage T4 in response to different growth rates of bacteria. We 
determined latent periods and burst sizes of T4 at five different bacterial growth rates 
(Fig. 2). As expected, with an increase in the doubling time of bacteria, the time of T4 
latent period also increased and burst size decreased. In the case of the slowest 
analyzed growth rate of bacteria (µ = 0.033, which correlates with the doubling time 
of about 21 hours), the burst size was close to 1 phage per infection center. This 
suggests that the µ = 0.033, or the doubling time = 21 h, was close to the borderline 
growth rate of E. coli for the development of phage T4. This contrasts with the 
mathematical model presented previously (Rabinovitch et al. 2002), where such a 
value was estimated to be about 160 min. 
 
Discussion 
Strategies employed by bacteriophages to adjust their development to 
bacterial hosts are fundamental to the persistence of phages in their natural 
environment (Brüssow, 2013). Depending on the physiological state of bacterial host 
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cells, phages can initiate various developmental mechanisms, all of which influence 
the dynamics of bacterial populations in an ecological niche (Fuhrman, 1999; 
Wommack & Colwell, 2000; Abedon et al., 2001; Suttle, 2007; Clokie et al., 2011; 
Golec et al., 2011). In a standard laboratory culture, bacteria have all the factors 
essential for an optimal growth. These conditions could be called "a five-star hotel 
with all inclusive options”. They are, however, rarely found in the natural 
environment. Thus, understanding of phage-host interactions in natural habitats 
should be, from our point of view, one of the most important research directions in 
phage biology. 
Adsorption to the surface of a bacterial cell is the first step in a phage life 
cycle. Efficiency of adsorption depends on many physical factors in the environment 
as well as on the number and size of the host cells (Storms et al., 2010). For the 
adsorption process, phage T4 requires monovalent cations at the minimum 
concentration of 10 mM and the temperature in the range of 37 – 40°C (Kutter et al., 
1994). Although conditions in a mammalian intestine - the natural environment for T4 
- fulfill these requirements, it is important to stress that bacteria normally grow there 
significantly slower than under laboratory conditions (Kutter et al., 1994). Slow 
growth of bacteria influences the size of bacterial cells, making them smaller than in 
the case of fast growing laboratory cultures (Pierucci, 1978). Hadas et. al. (1997) 
showed that with a decrease in growth rate of bacteria, adsorption of T4 is less 
efficient. It should be noted, however, that Hadas et. al. (1997) used various kinds of 
media to manipulate the kinetics of bacterial growth. 
In contrast to the experimental approach employed in the study by Hadas et. 
al. (1997), our experiments on kinetics of T4 adsorption to slowly growing bacteria 
were carried out with the use of a chemostat system that enabled us to control the 
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bacterial growth rate precisely, with no changes in the medium composition. We 
observed no significant differences in the efficiency of T4 adsorption on E. coli cells 
growing at µ ranging from 0.033 to 0.3, which we used in this work. Moreover, 10 
minutes after infection by T4, the adsorption efficiency was at the same level for all 
the growth rates used in the experiments. We explain this phenomenon by the fact 
that the bacterial surface area and the number of receptors on its surface were 
similar in bacteria that grew with different µ in the chemostat. 
 
After adsorption of T4 and injection of its DNA into the host cell, phage T4 
takes control of the bacterial metabolic machinery and starts to produce progeny 
phage particles (Miller et al., 2003). T4 is able to control its development in response 
to bacterial physiology (Hadas et al., 1997). It is able to prolong its life cycle when it 
infects bacteria with a prolonged growth rate. To date, there are only a few reports 
on development of T4 in slowly growing host cells. Theoretical model of this 
phenomenon, which was based on only six different growth rates, suggested that T4 
is unable to develop in bacteria whose doubling time was longer than 160 minutes 
(Rabinovitch et al., 2002). However in that study, the use of different media might 
have had a major effect on differences in metabolism of bacterial cells as well as on 
the phage development (e.g. influencing the process of adsorption). In this work we 
demonstrated that T4 is able to effectively complete its life cycle in bacteria with 
doubling times significantly longer than those predicted with the use of the theoretical 
model (Fig. 2). Duration of one T4 developmental cycle, determined in a modified 
one-step growth experiment, was longer than under standard laboratory conditions 
and longer than described by Rabinovitch et al. (2002). We still observed 
development of T4 in bacteria with µ = 0.033 (which correlates with a doubling time 
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of about 21 hours). The burst size was then about 1 phage progeny particle per 1 
infected bacterial cell (Fig. 2), suggesting that this µ is close to the actual limit for T4 
development in a medium with glucose as a sole carbon source. 
 
 
The ability to adapt phage’s development to various physiological states of E. 
coli is not limited to phage T4. You et al. (2002) analyzed production of phage T7 
daughter particles in E. coli cells at their different physiological states using a 
continuous culture and various dilution rates. They found a similar phenomenon that 
is observable in the case of T4. When growth rate of the host decreased, the eclipse 
time increased and burst size was reduced. Data presented by You et al. (2002) and 
our work suggests that developmental adaptation of lytic bacteriophages to host cell 
status is much more common than previously anticipated. Control of development of 
T4 in bacteria growing under conditions which are similar to those of natural 
environment is still poorly described. On the other hand, one can suggest that the 
knowledge about development of phages in slowly growing bacteria is crucial for 
understanding phage-driven ecosystems. In the natural environment, bacteria very 
rarely meet conditions that do not limit their growth. Therefore, phages which coexist 
with bacteria in every kind of environment must use various developmental 
mechanisms to carry out effective development. In our opinion, in the light of surge 
of phage application as therapeutic factors and of growing evidence of their 
destructive role in the biofermentation industry, it is crucial to focus on understanding 
phage-bacteria interactions under conditions occurring in their natural habitats. 
 
 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Acknowledgements 
The authors would like to thank Katarzyna Potrykus for critical reading of the 
manuscript. This work was supported by the “Iuventus Plus” Grant IP2011 015071 
from the Ministry of Science and Higher Education (Poland) to P.G. 
 
References 
Abedon ST, Herschler TD & Stopar D (2001) Bacteriophage latent-period evolution 
as a response to resource availability. Appl Environ Microbiol 67: 4233-4241. 
 
Abedon ST, Hyman P & Thomas C (2003) Experimental examination of 
bacteriophage latent-period evolution as a response to bacterial availability. Appl 
Environ Microbiol 69: 7499-506. 
 
Adriaenssens EM, Van Vaerenbergh J, Vandenheuvel D, Dunon V, Ceyssens PJ, 
De Proft M, Kropinski AM, Noben JP, Maes M & Lavigne R (2012) T4-related 
bacteriophage LIMEstone isolates for the control of soft rot on potato caused by 
'Dickeya solani'. PLoS One 7: e33227. 
 
Børsheim KY (1993) Native marine bacteriophages. FEMS Microbiol Lett 102: 141–
159. 
 
Brüssow H (2013) Bacteriophage-host interaction: from splendid isolation into a 
messy reality. Curr Opin Microbiol 16: 500-506. 
 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Cenens W, Makumi A, Mebrhatu MT, Lavigne R & Aertsen A (2013) Phage-host 
interactions during pseudolysogeny: Lessons from the Pid/dgo interaction. 
Bacteriophage 3: e25029. 
 
Clokie MR, Millard AD, Letarov AV & Heaphy S (2011) Phages in nature. 
Bacteriophage 1: 31-45. 
 
Dressman HK & Drake JW (1999) Lysis and lysis inhibition in bacteriophage T4: rV 
mutations reside in the holin t gene. J Bacteriol 181: 4391-4396. 
 
Fuhrman JA (1999) Marine viruses and their biogeochemical and ecological effects. 
Nature 399: 541-548. 
 
García P, Martínez B, Obeso JM & Rodríguez A (2008) Bacteriophages and their 
application in food safety. Lett Appl Microbiol 47: 479 – 485. 
 
Golec P, Wiczk A, Majchrzyk A, Łoś JM, Węgrzyn G & Łoś M (2010) A role for 
accessory genes rI.-1 and rI.1 in the regulation of lysis inhibition by bacteriophage 
T4. Virus Genes 41: 459-468. 
 
Golec P, Wiczk A, Łoś JM, Konopa G, Węgrzyn G & Łoś M (2011) Persistence of 
bacteriophage T4 in a starved Escherichia coli culture: evidence for the presence of 
phage subpopulations. J Gen Virol 92: 997-1003. 
 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Golec P, Karczewska-Golec J, Łoś M & Węgrzyn G (2012) Novel ZnO-binding 
peptides obtained by the screening of a phage display peptide library. J Nanopart 
Res 14: 1218. 
 
Golec P, Karczewska-Golec J, Voigt B, Albrecht D, Schweder T, Hecker M, 
Wegrzyn G & Łos M (2013) Proteomic profiles and kinetics of development of 
bacteriophage T4 and its rI and rIII mutants in slowly growing Escherichia coli. J Gen 
Virol 94: 896-905. 
 
Hadas H, Einav M, Fishov I & Zaritsky A (1997) Bacteriophage T4 development 
depends on the physiology of its host Escherichia coli. Microbiology 143: 179-185. 
 
Hatfull GF & Hendrix RW (2011) Bacteriophages and their genomes. Curr Opin Virol 
1: 298-303. 
 
Jensen KF (1993) The Escherichia coli K-12 "wild types" W3110 and MG1655 have 
an rph frameshift mutation that leads to pyrimidine starvation due to low pyrE 
expression levels. J Bacteriol 175: 3401–3407. 
 
Kropinski AM, Lingohr EJ, Moyles DM, Ojha S, Mazzocco A, She YM, Bach SJ, 
Rozema EA, Stanford K, McAllister TA & Johnson RP (2012) Endemic 
bacteriophages: a cautionary tale for evaluation of bacteriophage therapy and other 
interventions for infection control in animals. Virol J 9: 207. 
 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Kutter E, Kellenberger E, Carlson K, Eddy S, Neitzel J, Messinger L, North J & 
Guttman B (1994) Effects of bacterial growth conditions and physiology on T4 
infection. Molecular biology of bacteriophage T4 (Karam JD, eds), pp. 406–418. 
American Society for Microbiology, Washington, DC. 
 
Łoś M & Węgrzyn G (2012) Pseudolysogeny. Adv Virus Res 82: 339-49. 
 
Marcó MB, Moineau S & Quiberoni A (2012) Bacteriophages and dairy 
fermentations. Bacteriophage 2: 149-158. 
 
Miller ES, Kutter E, Mosig G, Arisaka F, Kunisawa T & Rüger W (2003) 
Bacteriophage T4 genome. Microbiol Mol Biol Rev 67: 86-156. 
 
Pierucci O (1978) Dimensions of Escherichia coli at various growth rates: model for 
envelope growth. J Bacteriol 135: 559–574. 
 
Pirnay JP, De Vos D, Verbeken G, Merabishvili M, Chanishvili N, Vaneechoutte M, 
Zizi M, Laire G, Lavigne R, Huys I, Van den Mooter G, Buckling A, Debarbieux L, 
Pouillot F, Azeredo J, Kutter E, Dublanchet A, Górski A & Adamia R (2011) The 
phage therapy paradigm: prêt-à-porter or sur-mesure? Pharm Res 28: 934-937. 
 
Rabinovitch A, Hadas H, Einav M, Melamed Z & Zaritsky A (1999) Model for 
bacteriophage T4 development in Escherichia coli. J Bacteriol 181: 1677-1683. 
 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Rabinovitch A, Fishov I, Hadas H, Einav M & Zaritsky A (2002) Bacteriophage T4 
development in Escherichia coli is growth rate dependent. J Theor Biol 216: 1-4. 
 
Sajben-Nagy E, Maróti G, Kredics L, Horváth B, Párducz A, Vágvölgyi C & 
Manczinger L (2012) Isolation of new Pseudomonas tolaasii bacteriophages and 
genomic investigation of the lytic phage BF7. FEMS Microbiol Lett 332: 162-169. 
 
Sambrook J, Fritsh EF & Maniatis T (1989) Molecular Cloning: a Laboratory Manual. 
Cold Spring Harbor, NY. 
 
Sidhu SS (2000) Phage display in pharmaceutical biotechnology. Curr Opin 
Biotechnol 11: 610–616. 
 
Storms ZJ, Arsenault E, Sauvageau D & Cooper DG (2010) Bacteriophage 
adsorption efficiency and its effect on amplification. Bioprocess Biosyst Eng 33: 823-
831. 
 
Suttle CA (2007) Marine viruses - major players in the global ecosystem. Nat Rev 
Microbiol 5: 801-12. 
 
Takemura-Uchiyama I, Uchiyama J, Kato S, Inoue T, Ujihara T, Ohara N, Daibata M 
& Matsuzaki S (2013) Evaluating efficacy of bacteriophage therapy against 
Staphylococcus aureus infections using a silkworm larval infection model. FEMS 
Microbiol Lett 347: 52–60. 
 
A
cc
ep
te
d 
A
rt
ic
le
This article is protected by copyright. All rights reserved. 
Tao P, Mahalingam M, Kirtley ML, van Lier CJ, Sha J, Yeager LA, Chopra AK & Rao 
VB (2013) Mutated and bacteriophage T4 nanoparticle arrayed F1-V immunogens 
from Yersinia pestis as next generation plague vaccines. PLoS Pathog 9: e1003495. 
 
Weinbauer MG (2004) Ecology of prokaryotic viruses. FEMS Microbiol Rev 28: 127-
181. 
 
Wommack KE & Colwell RR (2000) Virioplankton: viruses in aquatic ecosystems. 
Microbiol Mol Biol Rev 64: 69-114. 
 
You L, Suthers PF & Yin J (2002) Effects of Escherichia coli physiology on growth of 
phage T7 in vivo and in silico. J Bacteriol 184: 1888-94. 
 
 
Fig. 1. Efficiency of adsorption of bacteriophage T4 on E. coli cells growing at 
different rates. Bacterial cultures were infected with T4 at m.o.i. = 0.1, and at 
indicated times after infection the number of unadsorbed (remaining in the 
supernatant following centrifugation) phages was determined by plating, providing a 
basis for calculation of % of adsorbed phages. Particular columns correspond to 
growth rates shown on the picture. The results presented are mean values from 3 
independent experiments with error bars representing SD. Statistical analysis (t-test) 
indicated no significant differences between any values compared at the same time 
after infection (p>0.05 in all tested combinations for all tested times; the values 
between different time points were not compared). 
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Fig. 2. Dependence of the burst size (open triangles; left Y axis) and latent period 
(closed squares; right Y axis) of phage T4 on E. coli growth rate. Bacterial cultures 
grown in a minimal medium at 37°C in a chemostat were infected with phage T4 at 
m.o.i. = 5 (at time = 0), and burst size and latent period were estimated at indicated 
times on the basis of results of phage titration from chloroform-treated culture 
samples. The results presented are mean values from 3 independent experiments 
with error bars representing SD. 
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